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Wide-angle invisible dielectric metasurface driven by transverse Kerker scattering
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Interference is the cornerstone of Huygens source design for reshaping and controlling scattering patterns. The
conventional underpinning principle, such as for the Kerker effect, is the interference of electric and magnetic
dipole and quadrupole modes. Here a route to realize transverse Kerker scattering through employing only the
interference between the electric dipole and magnetic quadrupole is demonstrated. The proposed approach is
numerically validated in an ultrathin Silicon square nanoplate metasurface, and is further verified by multipole
decomposition. The metasurface is shown to be invisible for near-infrared wavelengths and with an enhanced
electric field in the region of the nanoparticle. Additionally, we develop further the proposed approach with
practical implementation for invisibility applications by exploring the effects of the aspect ratio of the square
plate nanoresonator, the interparticle separation, and the presence of a substrate. Further it is demonstrated that
invisibility can be observed at oblique incidence up to 60° for a transverse magnetic plane wave. The results are
relevant for Huygens metasurface design for perfect reflectors, invisibility, and devices for harmonic generation

manipulation.
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I. INTRODUCTION

In 1983, Kerker et al. theoretically revealed the possibility
of asymmetric scattering by a magnetodielectric particle [1].
Suppressed backward scattering and near-zero forward scat-
tering are known as the first Kerker condition and the second
Kerker condition, respectively [2,3]. The principle underpin-
ning such asymmetric scattering patterns is the interference
of electric dipole (ED) and magnetic dipole (MD) resonances,
which are provided by the subwavelength particle, called a
Mie resonator. High-index dielectric resonators outperform
plasmonic counterparts due to the higher intrinsic ohmic
losses associated with the latter at optical frequencies [4,5].
Additionally, tailored by geometry, the dielectric resonator
can have overlapping ED and MD resonances and provide a
platform for light manipulation [6—10].

Arranging the resonators periodically in a planar geometry
constitutes a Huygens metasurface under the illumination of
an incident electromagnetic (EM) wave [11,12]. Each res-
onator behaves as the secondary source, collectively defining
the outgoing beam direction [13-15]. Conceptually simi-
lar to Kerker-type scattering of a single nanoresonator, a
Mie-type resonant Huygens metasurface exhibits near-unity
efficiency functionalities such as perfect reflection and/or
perfect transmission under normal [4,16—-19] and oblique light
wave incidence [20,21]. Since first reported three decades ago,
the Kerker effect has been the cornerstone for exotic scattering
pattern reshaping employing the coherent interplay of multi-
polar modes, including the only recently proposed transverse
scattering in dielectric resonators [22-26]. It is a fascinating
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phenomenon, arising due to the simultaneous fulfillment of
the first and second Kerker conditions. The traveling EM wave
remains unperturbed for the lossless case, including amplitude
and phase. However, remarkably different than a piece of
transparent glass, the resonator has a concentrated EM field
in the transverse plane. Rather than scattering forward or
backward relative to the incident light propagation direction,
the scatter, a single resonator, or a metasurface scatters the
light only in the transverse plane. In contrast to most Huygens
sources employing the interplay of only the ED and MD,
the coherent contributions from available higher EM modes,
the electric quadrupole (EQ), and magnetic quadrupole (MQ)
play a pivotal role in transverse scattering. Upon inspection
of the Green’s tensor components of all multipole moments
contributing to far-field scattering [27-29], it is seen that it
is fundamentally impossible to realize symmetric scattering
through the only interplay of ED and MD modes. The scat-
tered electric field generated by ED or MQ displays an even
parity in the plane of incidence while that of the EQ or MD
display an odd parity. However, it is theoretically feasible
that the transverse scattering pattern can be formed via the
interplay of only the ED with the MQ or the MD with the EQ.

In sharp contrast to the work presented in Ref. [24], which
fulfills the generalized amplitude and phase conditions of ED,
MD, EQ, and MQ, here in this work we propose a different
route to realize transverse scattering using the ED and MQ
modes only. It could also be theoretically realized by the
interplay of MD and EQ, which was proposed in Ref. [25]
and shown in a proof-of-concept demonstration using core-
shell SiO2@InSb and Si@InSb in a one-dimensional (1D)
metalattice geometry in the Terahertz range. Our proposed
method enables the realization of metasurface invisibility
in a facile extremely thin Si square nanoplate metasurface,
which is more practically feasible and offers technically easier
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FIG. 1. (a) Schematic graph of a single stand-alone square
nanoplate embedded in air. k; is the wave vector in air. The color
background is only for better visibility. (b) The polar angular weight-
ing factor [Eq. (2)] of the ED, MQ, and coherent sum of both
when the phase differs by 7 in the x—z plane. A normally incident
plane wave illuminates the sample from below. The incident wave is
polarized along x direction and propagates along z direction.

integration into devices than core shell-type structures. Ad-
ditionally, the invisibility can be tuned to a particular angle
for perfect transparency. Furthermore, the proposed structure
can be realized for operation in the visible and near-infrared
ranges and paves the way for applications for high-efficiency
nonlinear nanophotonics for second harmonic generation
[30,31].

Therefore, in this work, we will first explore the principle
underpinning the scattered electric field parity within a single
nanoparticle case in spherical coordinates and a metasur-
face case in Cartesian coordinates. The conditions for perfect
transverse scattering, which has an even parity with strictly
no scattering in the forward and backward directions, are
generalized. Additionally, we realize the transverse Kerker
scattering in the extremely thin dielectric metasurface, which
shows dominant ED and MQ modes with negligible MD and
EQ modes. The transverse Kerker scattering is validated by
numerical simulations including the scattering pattern and
electric field map. For practical applications, the dependence
of the interplay between the ED and MQ on the aspect ratio
of the resonator, the interparticle separation, the substrate, and
the angle of incidence are thoroughly studied. Our study will
inspire new metasurface design and practical applications of
invisible or transparent metasurfaces.

II. THEORY

We assume a stand-alone arbitrary subwavelength particle
in air, the schematic can be seen in Fig. 1(a). The incident
light travels along the z axis and is polarized along the x axis,
expressed as Ej,. = Ege*0?™@'g where ky is the free-space
wave number and X is the unit vector along x axis. The total
scattered electric field along all directions considering up to

quadrupole modes is defined as [24,32]

kZeik-r—iwz
0

Esca = ([n X [P x n]] + l[nl x n]
c

drreg
ik() ikO

+ ?[n X [nx (Q-m)]]+ 2—[n x (M- 11)]), (D
c

where r is the coordinate vector and its origin is placed at
the center of nanoparticle. n is the unit vector pointing from
the origin to any coordinate position. €y is the vacuum per-
mittivity. p, m, Q, and M are the ED moment, MD moment,
EQ moment, and MQ moment, respectively. The expression
of multipole modes is taken from Ref. [33] and the details
are shown in Appendix A. In the spherical coordinate, the
differential scattering cross section in the plane perpendicular
to the polarization, or y—z plane as seen in Fig. 1(a) as a
function of the polarizabilities is expressed as

k3 i3 2
102(2 cost + ZOaMcos(ZQ)] ,
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where o, o, g, and ey are the polarizability of ED, MD,
EQ, and MQ, respectively. 0 is the polar angle in spherical
coordinates as seen in Fig. 1. 5—&(9 = 0) corresponds to the

forward scattering along the z direction and Z—g (6 = m) corre-
sponds to the backward scattering along the —z direction.

As mentioned earlier, in the plane of incidence, the scat-
tered electric field of the ED or MQ displays an even parity
while the scattered field of the MD or EQ displays an odd
parity [34]. Transverse scattering, which is simultaneously
zero forward and zero backward scattering, dd—g(e =0)=

j—g(e = ) = 0, indicates a fundamental even parity. Accord-
ing to Eq. (2), the scattering pattern manifests an even parity
only for e, =0 and ag = 0. Under these circumstances,
transverse scattering can be achieved while satisfying two
prerequisites. The first prerequisite is &, = —epkZaar/4, un-
der which condition the ED scattering destructively interferes
with MQ scattering. The other prerequisite is that the polar
angle weighting factor of polarizability also displays a trans-
verse angular pattern in the plane of incidence. The polar
angle weighting factors for the ED, MQ, and the destructive
interference [1 — cos(20)]? are shown in the bottom panel of
Fig. 1, demonstrating the fulfillment of the second prerequi-
site.

Next we consider the more practical scenario of a meta-
surface in air. The backward scattering is interpreted as the
reflection coefficient r. The transmission coefficient ¢ contains
the forward scattering and the incident wave contribution.
Under the illumination with a plane wave Ej,. = Ege0?~i@'x,
r and ¢ in Cartesian coordinates can be expressed as [29]
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= x — Ty —WUxz — —M,, s
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where A is the area of a unit cell of the metasurface. Mul-
tipolar modes are multipolar EM waves in origin with their
inherent amplitude and phase along forward and backward
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directions. p, refers to the total electric dipole, which includes
the toroidal dipole contribution.

Similar to the single nanoparticle case, the multipolar
EM wave displays a strictly even parity only if |im,/c| and
|koQy;/6| are negligible compared with ED and MQ con-
tributions. Then Eq. (3) can be rewritten as r = 2};[];;)&50 Ppx —
Z‘—;’Myz) andr =1+ %(px — %Mﬂ). When the condition
r = O s fulfilled, then r = 1, both forward and backward scat-
tering from the metasurface disappear and transverse Kerker
scattering is achieved. For the lossless case, the amplitude
of incident light wave remains unperturbed. The metasurface
behaves as nonexistent or transparent, referred to as the lat-
tice invisibility effect or extraordinary transmission elsewhere
[29]. According to Eq. (3), with negligible MD and EQ con-
tribution, the generalized amplitude and phase conditions for
transverse scattering are

|imy/c| ~ 0, [ko Q.. /6] = 0,

lip:| = ,

ko

k
p(ip:) = (p(z_(;Myz) +@2n+ . “)

Additionally, perfect reflection can be achieved if ¢t =0,
where the scattered EM waves destructively interfere with the
transmitted incident electric field, in which case

iko iko
=—2 (p,— —M,, ) =—1, 5
" ZE()AEO <p 2¢ ﬂ) ( )

where for the lossless case, the incident wave is fully reflected
and metasurface behaves as a perfect mirror and is referred to
as a Huygens reflector.

III. METASURFACE INVISIBILITY FOR LIGHT AT
NORMAL INCIDENCE

Next we test the feasibility of the concept in a single
nanoparticle or a metasurface with negligible MD and EQ
contributions. An extremely thin high refractive index meta-
surface, such as a Si square nanoplate metasurface, meets
the prerequisites of negligible MD and EQ contributions. The
much lower aspect ratio is crucial to suppress the MD and
EQ contributions and is demonstrated by multipole decompo-
sition following Ref. [33]. The conditions for negligible MD
and EQ are determined by sweeping the geometrical aspect
ratio, which is the ratio of the height H, to the edge length of
the square nanoplate L. The aspect ratio is varied from 0.04 to
0.4, where the Mie-like mode is the scope of this study rather
than Fabry-Pérot-like modes within the metasurface [35-37].
Regarding the dependence of the amplitudes of the multipolar
modes on the height of the nanoplate or aspect ratio, see Fig.
S1 of the Supplemental Material [38].

Additionally, the period along the x, D,, and y directions
D, are also swept separately to explore the evolution of the
ED and MQ modes, with details shown in Fig. S2 of the
Supplemental Material [38]. The wavelength-dependent real
and imaginary parts of the refractive index and permittivity
are obtained from fitting the experimental data in Ref. [39].
All numerical simulations are performed using the Lumerical
finite-difference time domain (FDTD) tool. Periodic boundary
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FIG. 2. (a) Schematic of the periodic Si square nanoplate meta-
surface embedded in air. The color background is shown only
for better visibility of the nanostructure. The period is D, = D,=
750 nm, with L = 460 nm and H = 40 nm. A normally incident
plane wave interacts with the metasurface. The incident wave, E;,. =
Eye'*foz=eNg is polarized along x direction and propagates along z
direction. (b) Amplitude of the multipole moments from Eq. (3),
including ry, i, 1@, v and r. (c) Phase profile of rp, and ry. (d) Nu-
merically simulated (_num) and semi-analytically calculated (_ana)
reflection (R) and transmission (7') coefficients. Two wavelengths
selected for detailed analysis are indicated by the vertical dashed
lines, at K1 833 nm, K2 867 nm, respectively.

conditions are applied on four sides of the unit cell to simulate
the electric field distribution of an infinite two-dimensional
array of particles. The electric field distribution within one
unit cell takes account of the electric field distribution of each
resonator and the coupling between resonators.

Here we present as an example the results for the Si square
nanoplate metasurface in air which has the edge length, L =
460 nm, height H = 40 nm, and period D, = Dy, = 750 nm.
The schematic representation can be seen in Fig. 2(a). An
infinite periodic array of Si square nanoplates is illuminated
by a normally incident plane wave E;,. = Ege'®?~®)%, which
propagates along the z direction and is polarized along the x
direction.

According to the standard expansion method in Ref. [33],
we consider the decomposition of the multipolar modes
up to quadrupole modes by integrating the electric field
over the square nanoplate volume. The decomposed multi-
pole moments contributing to the reflection in Eq. (3) are
denoted as rp = ikopx/(2EpA€p), rm = —ikom,/(2cEpAey),
rQ = —ngxz/(IZEero), and ry = kéMyz/(4cE0Aeo). The
corresponding amplitude and phase are presented in Figs. 2(b)
and 2(c), respectively. It is clear in Fig. 2(b) that the am-
plitude of the MD and EQ is negligible. The dominant
multipole moments are the ED and MQ. The semi-analytically
calculated and the directly numerically calculated reflection
coefficient R = |r|? and transmission coefficient 7 = |¢|?, fol-
lowing Eq. (3), are presented in Fig. 2(d), and are found to be
in excellent agreement. This demonstrates that the multipole
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FIG. 3. The simulated far-field scattering power profile for one
single resonator in the array, |E|> at K1 833 nm and K2 867 nm,
respectively. The angle O indicates the incident light propagation
direction or the forward direction while m indicates the backward
direction for x—z and y—z planes. In x—y plane, x direction points
toward 7 /2.

decomposition up to quadrupole modes is sufficient and con-
sideration of higher-order modes is not required.

Special attention is paid to the wavelengths at 833 nm and
867 nm, denoted as K1 and K2, respectively, and shown by
dashed lines in Figs. 2(b), 2(c) and 2(d). At K1, ED and
MQ share the same amplitude and differ only by a phase of
~ . According to Eq. (3), r = rp + rm, the reflection coef-
ficient R = |r|* = [rp|* + [rm|*+2|rp |yl cos(@r, —n,) ~ 0.
This explains the zero reflection coefficient at 833 nm. The ED
component 7, destructively interferes with the MQ component
rm- As mentioned earlier, in this situation, t = 1. The trans-
mitted light has only the contribution from the incident wave
without the scattering signal from the resonators in metasur-
face. This corresponds well with the near unity transmission
at K1 as shown in Fig. 2(d). Transverse Kerker scattering is
expected at K1 according to generalized conditions in Eq. (4).
Upon a closer look at K2 867 nm, ED and MQ do not have
equal amplitude but they differ in phase by m. There is still
destructive interference between ED and MQ according to
the amplitude of rp, rv, and r shown in Fig. 2(b) as r < r,,.
However, ED and MQ cannot completely cancel each other at
this wavelength due to their unequal amplitudes. It is expected
that the scattering pattern at K2 is symmetric in the forward
and backward directions, displaying an even parity due to the
inherent even parity of the ED and MQ modes.

To confirm our expectations and also to provide an intu-
itive picture, the far-field scattering intensity profile of one
metasurface unit cell is calculated and presented in Fig. 3 for
both K1 833 nm and K2 867 nm. It is clear that the far-field
scattering intensity pattern is symmetric in the x—y, y—z, and
x—z planes, which is determined by the even parity of the
ED and MQ modes. Notably, it is zero over the x—z plane
at K1 = 833 nm, including both the forward and backward
directions, which manifests the transverse scattering pattern.
At K2 867 nm, it is clear that the far-field scattering intensity
pattern is symmetric but forward and backward scattering
still occur. The ED destructively interferes with MQ, but full
destructive interference is not achieved due to the unequal
amplitudes. The real part of the electric field at the K1 and
K2 wavelengths are presented in Fig. 4 in the x—z plane. As
expected at K1 833 nm, the incident wave propagates along
the z direction and transmits through the metasurface almost
without perturbation. The metasurface is rendered invisible,
the so-called lattice invisibility [25]. At K2 867 nm, as ex-
pected by Eq. (5), the incident wave, expressed as the absolute
value of the amplitude ratio |E,/Ey], is reflected back and the
metasurface behaves as a perfect mirror. Note that as stated
earlier, both forward and backward scattering remain at K2
867 nm, the coherent sum of ED and MQ destructively inter-
feres with the transmitted incident EM wave, which results in
near-zero transmission and near-unity reflection. This mech-
anism underpins the principle of the Si metasurface-based
perfect mirror.

With a view to practical applications, a metasurface with
dominant ED and MQ on a substrate with low refractive index,
such as refractive index 1.45, which matches the refractive
index of glass, quartz, and polymers, is now considered.
Introducing the substrate will shift the spectral positions of
resonant modes compared with a metasurface embedded in air
medium, as can be seen Figs. 5(b) and 5(d). Correspondingly
the wavelengths at which invisible or near-perfect
transparency occurs also shift, which is clearly seen in
the reflection and transmission spectra shown in Figs. 5(a)
and 5(c). The invisibility wavelength for the metasurface (L =
500 nm, H = 50 nm, D, = D, = 600 nm) shifts from 900 nm
in air to 955 nm for the metasurface sitting on the substrate.
Additionally, the substrate modifies the electric field distribu-
tion within the metasurface at the invisibility wavelength, as
can be seen from Figs. 5(e) and 5(f). A larger electric field
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FIG. 4. Real part of the normalized scattered electric field, Re(E,/Ey), in the x—z plane (a) without and (b) with the square plate at
K1 = 833 nm. The square nanoplate resonator in one metasurface unit cell is shown by the black box. (c) The absolute value of the normalized

scattered electric field, |E,/Ey| in the x—z plane at K2 = 867 nm.
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FIG. 5. (a, ¢c) Numerically simulated (_num) and semi-analytically (_ana) calculated reflection (R) and transmission (7") for the Si square
nanoplates (L = 500 nm, H = 50 nm, D, = D, = 600 nm) in air and on a substrate, where the substrate has the refractive index 1.45. (b, d)
The calculated amplitude of multipolar modes of the metasurface in air and on the substrate. The inspected wavelengths are shown as gray
dash lines. (e, f) The electric field distribution in the x—z plane and (g, h) the simulated far-field scattered power profile for one single resonator
in the array at 900 nm in air and at 955 nm on the substrate, respectively. The metasurface in air or on the substrate is illuminated by normally
incident plane wave propagating upwards, as shown in the schematic in (h).

amplitude is obtained due to the presence of the substrate. For
the metasurface sitting on the substrate, the amplitudes of res-
onant modes are calculated from the electric field distribution
within the metasurface sitting on the substrate rather than that
in air. The reflection and transmission spectra obtained using
the semi-analytical approach, according to Eq. (3), agree
well with the spectra calculated directly from the numerical
simulation, as can be seen clearly from Fig. 5(c). This
demonstrates that the light reflected from substrate and Fabry-
Pérot multiple reflections within the ultrathin metasurface can
be considered as negligible [40]. More details on the substrate
effects for these ultrathin dielectric resonators can be found
elsewhere [41].

Additionally, as seen in Fig. 5(g), the scattering profile at
900 nm, for the metasurface in air, shows a perfect transverse
scattering pattern, where the scattering lobe is symmetric
and mainly in transverse directions. However, the scattering
pattern is modified due to the existence of the substrate as
seen in Fig. 5(h), where an asymmetric pattern in the x—z
and y—z planes is observed. There is a slight tilt of the side
lobes, though it is less than has been observed in the case of
employing the coherent interplay of ED, MD, EQ, and MQ
to achieve transverse scattering, as reported, for example, in
Ref. [24]. The approach of using only the coherent interplay
of ED and MQ appears to be less affected by the substrate,
with the scattering mainly confined to the transverse plane.
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FIG. 6. The schematic showing transverse magnetic (TM) polarized oblique incidence light wave. 6 is the angle between the wave vector kg
and the z-direction, and is defined as the incident angle. (a, b) The contour plots of the numerically simulated reflection and transmission spectra
for a metasurface with a TM-polarized plane wave incident at an oblique angle 6 up to 60°. (c)—(e) The numerically simulated reflection and
transmission spectra for the metasurface under the illumination with a TM polarized plane wave with an incident angle of 6 = 20°, 6§ = 40°,
and 6 = 60°, respectively. The shaded area illustrates the wavelength range where the metasurface is rendered nearly invisible or transparent.
(f)—(h) The corresponding multipolar contributions generated by the TM plane-wave incident at angles of 8 = 20°, 6§ = 40°, and 6 = 60°,

respectively.

IV. METASURFACE INVISIBILITY WITH TM POLARIZED
LIGHT AT OBLIQUE INCIDENCE

In this section, we explore how the invisibility evolves un-
der excitation with light at oblique angles of incidence for the
metasurface in air. Oblique plane-wave incidence changes the
spectral positions of the resonant multipoles [37]. The trans-
verse magnetic (TM) oblique wave incidence corresponds to
a change in D, while the transverse electric (TE) oblique
wave incidence corresponds to a change in D,. As mentioned
earlier, the effect of changing lattice constant or period along
x and y directions, respectively, can be found in the Supple-
mental Material Fig. S2 [38]. For the metasurface illuminated
by a normally incident plane wave polarized along the x-axis,
the spectral positions of resonant ED and MQ modes are not
significantly affected by the D, but gradually red-shift with in-
creasing D,. TM oblique incidence corresponds to changes of
D, [40], therefore, invisibility at a constant wavelength could
be expected under oblique TM incidence, but is not possible
for TE polarized light. To further explore the possibility of
wide-angle invisibility, the Broadband Fixed Angle Source

Technique (BFAST) is used for broadband angle-resolved
simulations using Lumerical FDTD [42-45].

The contour plots of the numerically simulated angle-
resolved reflection and transmission spectra can be seen in
Figs. 6(a) and 6(b). It is clear that the invisibility, or trans-
parency, still remains at oblique angle incidence although
with a slight spectra shift. The wavelength range, or trans-
parency wavelength window, is illustrated as the shaded area
in Figs. 6(c), 6(d) and 6(e), where near-perfect transparency
exists at all angles. To probe more the underlying physics,
multipolar decomposition analysis for various angles of in-
cidence for a TM polarized plane wave, including 20°, 40°,
60°, is undertaken and shown in Figs. 6(f), 6(g) and 6(h).
With increasing angle of incidence 6, where the incident light
polarization can be decomposed into z and x polarized light
waves, the amplitude of the x-polarized wave becomes effec-
tively |Ein.cosf|, and therefore the amplitude of ED and MQ
decrease, which are clearly seen in Figs. 6(f), 6(g) and 6(h).
However, overlapping resonant modes are still achieved and
the spectral position of the overlap does not shift significantly,
as can be seen by the shaded area. The invisibility studied
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in this work is driven by transverse Kerker scattering, or
destructive interference of the ED and MQ, therefore the equal
amplitude, as seen in Figs. 6(f), 6(g) and 6(h), and coherence
properties of the ED and MQ guarantees the wide-angle invis-
ibility or transparency.

V. CONCLUSION

To conclude, starting from a general description the res-
onant multipolar modes for a single arbitrary subwavelength
nanoparticle and the properties of transverse Kerker scatter-
ing are discussed. The transverse Kerker scattering field and
intensity exhibit an even parity in the forward and backward
directions. The description was then extended to consider a
metasurface, in which rather than employing the coherent
interplay of the ED, MD, EQ, and MQ to achieve transverse
scattering, only the ED and MQ multipoles are employed.
The proposed route is numerically realized in an ultrathin
Si square nanoplate metasurface in air and could be ex-
tended to any extremely thin arbitrary shape nanoparticle,
where a low aspect ratio guarantees negligible MD and EQ
contributions. It is shown that the proposed configuration is
valid for a metasurface embedded in a homogeneous medium
or on a substrate with low refractive index, such as polymer,
glass, or quartz. Additionally, it is demonstrated that due to
the extremely thin layer thickness, our proposed metasur-
face shows robust TM incident angle independence where
the invisibility or near-perfect transparency can be achieved,
although there are slight spectra position shifts. Our study
can inspire new Huygens metasurface design with ultrathin
nanostructures and spur further experimental investigations
for perfect mirrors, perfect transmission, and other invisibility
applications, as well as exploitation of the transverse scattered
fields.
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APPENDIX

The expression of multipolar modes in Cartesian coordi-
nates is [28]

P— / colesi — DE(r)r,

—iw 2
T=—— | eoles; — D{[r- E(r)]r — 2r°E(r)}dr,
10c

m = _i?a) / €o(€si — D[r x E(r)ldr,
Q=3 f eolesi — ”{rE(” +Emr - e E(r)m}dr’

M = ;/eo(eSi — D{[r x E(®)]r + r[r x E(r)]}dr,
l
(A1)

where r is the coordinate vector with its origin placed at the
center of the square nanoplate. E(r) is the total electric field
inside the nanoplate at different position. € is the vacuum
permittivity; eg; is the relative dielectric permittivity of the
Si particle. ¢ is the light speed in a vacuum; U is the 3 x 3
unity tensor; p, T, m, Q, and M are the moments of ED,
TD, MD, electric quadrupole (EQ), and MQ, respectively. The
total electric dipole p is calculated as p = P + ikT.
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